Electrostatic traps for dipolar excitons 
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We consider the design of two-dimensional electrostatic traps for dipolar indirect excitons. We 
show that the excitons dipole-dipole interaction, combined with the in-plane electric fields that 
arise due to the trap geometry, constrain the maximal density and lifetime of trapped excitons. We 
derive an analytic estimate of these values and determine their dependence on the trap geometry, 
thus suggesting the optimal design for high density trapping as a route for observing excitonic 
Bose-Einstein condensation. 



For many years, excitons in semiconductors had been 
predicted to undergo a phase transition at high enough 
densities and low enough temperatures to form a Bose- 
Einstein condensate (BEC)i*2^, similar to BEC of atomic 
gases, already observed a decade ago&. This is expected 
to happen due to the predicted bosonic nature of exci- 
tons at densities that still disguise the fermionic nature 
of their constituents, i.e., the electron and the hole. A 
few major obstacles have, however, prevented a clear ob- 
servation of an exciton BEC phase until this day, even 
though the typical predicted transition temperature is of 
the order of a kelvin, much hotter than its atomic coun- 
terpart, and is available in many labs. Maybe the most 
crucial obstacle to excitonic BEC is the short exciton in- 
trinsic radiative lifetime (of the order of hundred picosec- 
ond) due to electron-hole recombination, which limits the 
time available for exciton thermalization. Since the ini- 
tial state of the exciton after optical excitation is out 
of equilibrium, and full thermalization with the lattice 
becomes more difficult at low lattice temperatures, the 
thermalization time turns out to be longer than the in- 
trinsic exciton lifetime. Thus, the temperature of the 
exciton gas may not reach the required transition tem- 
perature to the condensed state, although the lattice tem- 
perature may in fact be well below that temperature. In 
recent years, a promising way to overcome the lifetime 
issue has emerged. The exciton lifetime can be consid- 
erably increased by spatially separating the electron and 
the hole. This is usually achieved by utilizing a double 
quantum well (DQW) system^. The resulting excitons 
are constructed from electrons in one layer and holes in 
the other and are known as "spatially indirect excitons" . 
This trick can increase the exciton lifetime by many or- 
ders of magnitude (from less than a nanosecond to tens 
of microseconds )£ while only slightly reducing the exci- 
ton binding energy (due to the 3D nature of the coulomb 
interaction). 

It seems that by utilizing these indirect excitons, the 
major obstacle to BEC has been removed. However, a 
new problem arises. The indirect excitons are dipolar in 
nature since they all carry a permanent dipole moment 
due to the charge separation of the electron and hole in 
the growth direction, perpendicular to the QW planes. 
All the dipoles are aligned in the same direction. As 
a result, there is a strong repulsive dipole-dipole inter- 
action between all excitons. On one hand, this repulsive 



interaction has an additional advantage, since it prevents 
further binding of excitons into larger complexes, such as 
biexcitons or electron-hole droplets. On the other hand, 
the strong repulsive interaction will also tend to spread 
the free exciton gas and to quickly reduce its density. 
Thus it is difficult to maintain a very dense gas of free 
dipolar excitons over long times due to this driven ex- 
pansion. Recent experiments probing the dynamics of 
a dense excitonic gas indeed show a very fast expansion 
of the dense cloud over a short period of time followed 
by a much slower expansion of the dilute clouo—. In a 
different work we show how this behavior can be quan- 
titatively explained by an initial driven fast expansion 
that transforms into diffusive expansion when the density 
dropst One can show that at densities and temperatures 
required for observing excitonic BEC, the dipolar exci- 
ton gas expansion will always be initially driven outwards 
by the strong repulsive dipole-dipole interactions, quickly 
reducing its density. One possible solution for this prob- 
lem is to create a homogeneous distribution of such ex- 
citons over the whole sample. This will indeed eliminate 
the fast expansion by eliminating the density gradients. 
Such a solution will, however, require a lot of excitation 
power and will end up heating the sample. One can think 
of a more elegant solution in which the dipolar excitons 
are trapped in an external potential, preventing them 
from expanding. Such methods have been extremely suc- 
cessful in trapping and cooling atoms, leading to their 
condensation^. Since the excitons are already confined in 
one dimension (by quantum confinement of the quantum 
well), one needs to take care of only the in-plane con- 
finement. One possibility of confining the excitons in the 
plane is by the use of applied localized stress to change 
the local band energies^. In this paper we discuss an al- 
ternate scheme of circular, two-dimensional electrostatic 
traps which trap the dipolar excitons in a well-defined 
space. This trapping occurs via the interaction of the 
exciton's permanent dipole with a non-uniform electric 
field. It was shown before that spatially indirect excitons 
can be transported^ and trapped in a one-dimensional 
periodic wajiii using spatially varying electric fields. The 
electrostatic trapping method allows trapping of dipolar 
excitons in a wide range of trap sizes, and can also en- 
able a fast, dynamic control of the trapped excitons by 
electrical modulation of the trap depth and shape, thus 
allowing, for example, evaporative cooling of the exciton 
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gas. 

Here we consider the limitations on the excitonic den- 
sity and effective lifetime of such a trapping method. We 
show that there is a minimum required vertical applied 
electric field to get the trapping energy larger than the 
dipole-dipole repulsion energy, in order to prevent the 
trapped excitons from escaping. However, in general, 
applying a vertical field will also result in a radial elec- 
tric field depending on the geometry of the trap. This 
radial electric field will in turn cause exciton ionization 
at the trap boundaries and reduce the effective trapping 
lifetime. We then derive an analytic estimation of the 
maximal density and lifetime of trapped excitons. This 
analysis gives guidelines as well as constraints for optimal 
design of such dipolar traps. 
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FIG. 1: (a)An illustration of a suggested dipolar trap design, 
(b) Equipotential lines of a circular trap with R/l — 10. (c) 
Calculated confining energy for dipolar excitons (Edf, solid 
line) and force (Faf, dashed line) for a circular trap with R = 
5/im, I = 0.5^im, a potential difference A(j>o of IV and a 
dipole length zq = lOOA. 



The physical idea of an electrostatic trap is straight- 
forward. Consider a geometry where a small circular, op- 
tically semi-transparent metallic gate with a radius R is 
placed on top of the DQW sample. The sample substrate 
is made conductive to serve as the ground electrode, as 
illustrated in Fig. [TJi. The sample thickness, from the 
bottom to the top electrode, is denoted by I. The DQW 
plane is perpendicular to the growth direction, (z) and its 
vertical position in the sample is given by z, measured 



from the bottom electrode. The indirect excitons will 
tend to stay in the region under the gate contact when a 
sufficient voltage is applied between it and the substrate. 
This trapping effect is due to the fact that the indirect 
excitons are dipolar and thus they are high field seekers, 
gaining an additional negative energy term coming from 
the dipole-field interaction: 



£df = d x ■ E(r\\,z) = d x E z (r\\,z), 



(1) 



where dx = —ez^z is the exciton dipole moment, E = 
— V</> is the applied electric field, and zo is the effec- 
tive separation between the electron and the hole and 
is equal to the separation between the centers of the 
two quantum wells to a good approximation. Fig. \T]p 
shows a cross-section of a circular trap with equipoten- 
tial lines illustrated, where R/l — 10. Fig. ^ depicts 
the confining energy, Edf, as a function of the radial po- 
sition of the excitons in the trap, rn , for R = 5jum, 
I = 0.5/im, zq = lOOAand a potential difference A</>o 
of IV. The trapping energy at the center of the trap 
(where Ef nter = A0o/Z) is given by: 



Sdf{r\\ =0,z) = -ez /\cj> /l. 



(2) 



Since E z varies significantly only over a range Ar w I 
near rn — R, then for R ^> I, the excitons experience 
the trapping dipole force just near the sharp boundaries, 
given by: 



= dx— — r\\ 



dr 



(3) 



as is seen in Fig. 

Ideally, for R 3> I, such a trap behaves like a "pool" 
of free moving excitons, subject to perfectly reflecting 
boundary conditions at the edges (one can get a non-flat 
potential well for R ~ I). One has to compare the trap- 
ping energy Sdf, to the dipole-dipole repulsion energy, 
Sdd and to kT. As long as £<# > Edd, kT, the excitons 
will be confined within the boundaries of the trap, being 
reflected from the walls by the trap's dipole force. If, 
however, the opposite condition arises, the excitons will 
"spill over" the trap due to the internal repulsive force. 
The dipole-dipole repulsion is given by: 



£dd 



4ire 2 z 



-n x , 



(4) 



where e is the background dielectric constant. The con- 
dition for trapping, 



£df/£dd\ > a 



(5) 



where a where a is a parameter of order 1, determined 
by how much "residual" trapping energy is required in 
the experiment. This condition then yields the maximal 
trapped exciton density: 



eE 1 : 



' x 
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(6) 
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Here, we have neglected the thermal energy kT since it is 
always much smaller than e^d at temperatures and densi- 
ties relevant for excitonic BEC. This inequality actually 
leads to some interesting consequences and is discussed 
elsewheret 

Eq. El seems to suggest that an arbitrary density of ex- 
citons can be trapped, depending only on E^ enter and 
thus on the external potential difference. Unfortunately, 
the picture given above is too simplified. While the elec- 
tric field inside the trap and away from the edge is always 
aligned with the dipoles (i.e. E = E z z), at the bound- 
ary of the trap the radial component of the electric field, 
E r , can be appreciable, depending on z. As z increase 
(moving the quantum well away from the bottom elec- 
trode), the magnitude of E r increases compared to E z , 
as is shown in Fig. |3l for two different exemplary z/l 
positions. One can extract the ratio of the maximal ra- 
dial component of the electric field, E™ ax to the vertical 
component at the center of the trap, E z enter . This is 
plotted in Fig. [2b- For z/l < 1/2, this ratio can be well 
approximated with a linear dependence, 



E" 



j^cente 



pz/l, 



(7) 



with (3 = 0.625. 

The radial field will tend to pull the electron and the 
hole into opposite directions. Classically, if the electro- 
static energy due to the in-plane external field is larger 
than the exciton binding energy, the exciton will be ion- 
ized. This happens when e|.E r |ax; rs ex, where ex is the 
dipolar exciton binding energy and ax is its in-plane ra- 
dius. Quantum mechanically however, one expects that 
ionization of excitons becomes significant at much smaller 
values of in-plane field, due to tunnelling of the electron 
and hole through the "hill" in the coulomb potential that 
binds the exciton^. Such tunnelling will break some of 
the excitons on the edge of the trap, thus decreasing the 
total density of excitons with time and giving rise to an 
effective trap lifetime. In other words, the quantum ion- 
ization process effectively makes the perfectly reflecting 
boundaries of the trap to become partly absorbing. 

The ionization rate of a 2D exciton in its ground state 
subject to a one-dimensional electric field has been calcu- 
lated in Ref. [lj. We define the ratio between the exciton 
binding energy and the typical electrostatic energy the 
exciton experiences due to the in-plane field as: 



7 = e x /(e\E r \a x ), 



(8) 



Where the local field correction due to the induced in- 
plane polarization of the excitons can be neglected^. 
Since E r changes over a length scale ~ i > ax, we fol- 
low Ref. t° get the ionization rate of the exciton at 
the trap boundary: 

Z2e x 



r, 



-(s 7 /3) 



(9) 



Assuming a homogenous distribution of excitons in the 
trap (Nx = nx^R 2 ), the number of excitons within 
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FIG. 2: (a) Vertical (Ez) and radial (E r ) components of the 
electric field in a circular trap as a function of ru for two differ- 
ent vertical positions (z/l = 0.2,0.5) of the DQW structure. 
The inset shows the whole range of radial positions from the 
center of the trap, (b) The ratio of the maximal value of the 
radial component of the electric field, E™ ax , to the vertical 
component of the field at the trap center, Ezenter , for vari- 
ous vertical position z/l values (circles). The dashed line is a 
linear fit to the range < z/l < 5 



a distance I from the edge is given by nx^irRAR w 
nx^irRl. The depletion of the exciton density in the 
trap can be described by a simple rate equation: 



dn x _ _2^ r 
at R 



7~trap 



(10) 



where we have defined an effective trap lifetime, 
1/rtrap = (2//i?)r ion and assumed T trav « t x (tx be- 
ing the exciton intrinsic lifetime). 

The constraints on the trap performance can already 
be seen: due to the dipole-dipole interaction edd, there 
is a minimum required vertical field in order to get the 
trapping energy Edf larger than edd for a given required 
trap density (Eq. |SJ). This requirement will introduce a 
radial field due to the geometrical relationship between 
E z and E r given by Eq. [7] The radial field will in turn 
increase the ionization rate at the trap boundaries and 
will reduce the effective trap lifetime ('Eas.lTUIand 

By combining Eqs. ©- i|l(J|) one can get the effective 
trap lifetime as a function of the trap energy (and hence 
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FIG. 3: (a) Effective trap lifetime as a function of the trapped 
density nx and the trap energy Edf for various vertical posi- 
tions of the DQW structure in the trap, z/l. Here R/l = 50, 
ex = 5meV , and a = 1.2. (b) The calculated maximal den- 
sity (solid line) of trapped dipolar excitons (with same pa- 
rameters as in (a)), and the expected BEC transition temper- 
ature (dashed-dot line), as a function of z/l. The horizontal 
line marks the approximated Mott density. 



the maximal trapped exciton density): 



32 



el 2 (l/z)e 3 



x 



exp 



-2{l/z)ee x 



Ttrap 7T V ^ ' ^ '' a P e ^ ^x^x \3Tra/3e 2 axnx 

(11) 

This is plotted in Fig. [2^ f° r various z/l values, for a 
trap with R/l = 50, ex = 5meV, and setting a to be 
1.2. As the exciton density increases, there is a strong 



reduction of Ttrap- This will dramatically reduce the time 
available for exciton thermalization even if their intrinsic 
lifetime is very long. 

Inverting the previous argument yields a bound on the 
maximal E™ ax (through the unitless parameter 7), for a 
minimum desired effective trap lifetime, Ttrap which we 
should choose to be long enough for efficient exciton ther- 
malization for BEC. With such a requirement, Eq. @ 
and ljiTj|) give: 



7 



16 



3 / 64/ T tra 



1 gs 



(12) 



where we have defined r gs = h/ ex- This boundi^ yields 
an upper limit on E^ enter through the geometrical rela- 
tion of Eq. iJJJl . The upper limit on E^ enter then sets a 
limit on n^ ax , due to the competition of ss,f and £dd, as 
reflected in Eq. (JHJ. 

Combining Eqs. J7J) and © results in a compact ex- 
pression for estimating the maximal density of excitons 
that can be trapped, depending on the various require- 
ments and trap design: 



(eexf (l/z) 



'x 



(13) 



47re 4 a/37 

Fig. shows the maximal trapped density as a function 
of (z/l), for Ttrap = l/^s and with the same trap param- 
eters as before. Note that 7 depends logarithmically on 
Ttrap, hence relaxing the trapping time constraint by or- 
ders of magnitude will result only in a small increase of 
n max rp^g p re dicted BEC transition temperature, T c for 
the exciton gas in a circular trap with R — 25/im, given 
byi& T c = ntfrix'' 1 * /{2k B M x log e (n™ ax TrR 2 /4)), is also 
plotted. As the DQW gets further away from the bot- 
tom electrode, there is a strong reduction of rix ax due 
to the increased in-plane electric field. Thus, this is an 
important issue in a design of a trap. The guideline for 
designing a trap for high density dipolar exciton gas is 
then to minimize z/l as much as possible (z/l should 
be smaller than 0.25 for an exciton density larger than 
10 10 cm- 2 ). 

There are few other possible ways of getting around 
this complication: (a) one can design a trap with sym- 
metric top and bottom electrodes. This will eliminate 
in-plane fields exactly at z/l = 1/2. However, construct- 
ing such a trap is much more difficult from a fabrication 
point of view, (b) it is possible to use a deep trap and 
continuously pump the trap to achieve a higher steady- 
state density to compensate for the fast tunnelling time. 
This will, unfortunately, tend to heat up the trap while 
the time available for excitons to thermalize will be signif- 
icantly shorter due to the fast ionization, even for intrin- 
sically long lifetime excitons, as can be seen from Fig. [3^. 
(c) finally, in order to keep the DQW structure close to 
the center (z/l ~ 1/2), but minimize the in-plane field 
ionization problem, a trap can be designed where a doped 
QW layer is inserted just below the DQW structure. This 
will greatly reduce the E r component at the DQW due 
to its vicinity to a charged, metallic-like layer. 
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In summary, we have analyzed the constraints on the 
design of electrostatic traps for dipolar excitons and de- 
rived expressions relating the trapping lifetime and the 
trap design parameters to the maximal density of exci- 
tons that can be trapped and to their corresponding ex- 
pected BEC transition temperature. We show that it is 
feasible to construct dipolar traps that will trap excitons 
with high enough densities and for long times for a pos- 



sible observation of excitonic BEC. Strong experimental 
evidence for high density exciton trapping has already 
been observed in our lab, utilizing similar trap designs 
as discussed above, and will be presented in a separate 
paper. 

After the completion of this manuscript, we were in- 
formed of a related ongoing work by L. V. Butov and 
co-workers. 
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